catalytic atmosphere. CDM has attracted massive research interest, since it currently offers the most promising alternative path, owing to the ability of CO x free hydrogen production [9, 15, 16] . This process is relatively more simple and economical than the conventional hydrogen production processes. Additionally, the valuable carbon nanostructured materials (e.g., carbon nanotubes and carbon nanofibres), which are produced as a by-product in CDM process can be marketed, since these materials have several important applications [17] . Thus, besides clean hydrogen production, this extra feature also expanded the economical prospective of CDM process. Generally, the energy requirements for CDM is roughly one half of that required for SMR per mole of methane decomposed [18] . According to the literature, the Gibbs energy of thermal cracking of methane is zero at about 545°C [19] ; thus, methane cracking can be ensured above this temperature. It is obvious that the catalysts can lower the threshold temperature of the Gibbs energy and enhance the reaction kinetic.
In the literature, the CDM process has been investigated by several researchers over different transition metal based catalysts. However, nickel, cobalt and iron were found to be the most cost effective active metals for this process and generally, these were supported over various mono and mixed metal oxides carriers such as MgO, TiO 2 , Al 2 O 3 , ZrO 2 , CeO 2 , SiO 2 , CeO 2 -TiO 2 and Al 2 O 3 -MgO [20] [21] [22] . Moreover, it has been reported that, in comparison to Ni based catalysts, Fe containing catalysts showed relatively better stability with acceptable high activity during CDM at moderate as well as at high reaction temperatures [23] . Manoj and Zahira [24] studied CDM reaction over sol gel derived SiO 2 microflakes supported Ni, Co and Fe based monometallic catalysts. They reported that the Fe and Co based catalysts showed relatively more stable performance than the Ni based catalyst.. In the same way, Cunha et al. [25, 26] studied the performance of Raney-type Fe based catalysts for CDM and achieved an equilibrium CH 4 activity of 91% at 700°C. They also reported that the stability of the Raney type Fe based catalysts could be enhanced further by promotion with Cu. Shah et al. [27, 28] investigated the CDM over Fe and Fe-Mo catalysts as a function of temperature (200-1200°C). They reported that, in comparison to Ni based catalyst, Fe based catalysts have better capability to test at higher temperatures. Additionally, in the case of CDM process, it was found that the overall performance of a catalyst is greatly interrelated with several factors including the method of synthesis, type of support, active metal loading, metal support interaction, use of promoter, annealing temperature [20, 21, 29] .
Liangguang et al. [30] studied the CDM over unsupported and ceria supported Fe catalysts and found that the Fe-CeO 2 catalysts were more active than catalysts based on Fe alone. Ibrahim et al. [31] investigated hydrogen production from methane over iron catalyst and reported that hydrogen yield increased with iron loading, and high hydrogen yields were obtained in the iron loading range of 35 to 80%. Reshetenko et al. [32] synthesized filamentous carbon using promoted iron catalysts and inferred that structural and textural properties of carbon being produced depend upon catalyst as well as reaction conditions.
In the present work, the performance of Fe based catalyst for the production of hydrogen and nanostructured carbon via catalytic decomposition of methane was investigated. Particularly, the effect of Fe metal loading on two different supports, i.e., MgO and TiO 2 -P25 was studied, at moderate temperature of 700°C, with an aim to find out the best Fe loading for obtaining maximum hydrogen yield and nano-structured carbon production. Moreover, in order to compare and correlate the main characteristics of Fe catalysts with their performance these catalysts were characterized by utilizing several techniques.
Catalyst preparation
Supported Fe catalysts used in this study were prepared by an incipient wet-impregnation method. All chemicals in this study were of analytical grade and used without further purification. MgO and TiO 2 -P25 powder supports were purchased from BDH and Degussa. Ferric nitrate [Fe(NO 3 ) 3 × 9H 2 O; 99%] (obtained from Sigma-Aldrich) was used as active metal precursor.
In a typical wet-impregnation process, the solution with stoichiometric amount of [Fe(NO 3 ) 3 × 9H 2 O] was prepared in a double-distilled water, then the respective support (i.e., MgO, TiO 2 -P25) was impregnated with the previously prepared solution of active metal salt. The impregnation of active metal over support was carried out under constant stirring at 80°C for 3 h. After impregnation the catalysts were dried overnight at 120°C and followed by calcination at a temperature of 500°C for 3 h. For simplicity, the prepared catalyst, with respect to MgO and TiO 2 -P25 supports, are abbreviated as XFe-Mg and XFe-Ti respectively. Here, X represents the Fe loading, whereas Mg and Ti represent MgO and TiO 2 -P25 supports respectively.
Catalyst performance evaluation
CMD experiments over Fe based catalysts were performed at atmospheric pressure in a vertical stainless steel fixedbed tubular (9.1 mm i.d. and 13 cm long) micro-reactor (PID Eng & Tech micro activity reference). The reaction setup used in this study is shown in Fig. 1 . It consists of three main sections: feed gases delivery, catalytic reactor and products analysis section. A typical activity test is conducted over a fixed mass (0.3 g) of catalyst placed onto a quartz wool bed. In order to monitor the actual temperature in the reactor, a K-type stainless steel sheathed thermocouple is placed axially at the center of the catalyst bed. After loading the catalyst, a constant flow of N 2 (20 ml min -1 ) was introduced to the reactor, to purge the moisture, air and other gases from the reactor. Prior to activity tests, the catalysts were subjected to a reduction treatment under continuous flow of H 2 (40 ml min -1 ) at 500°C for 90 min. After reduction, the system was again flushed with N 2 about 15 min to purge any residual and physisorbed hydrogen from the reactor. Then, the reactor temperature was increased to the desired reaction temperature (i.e., 700°C) in the presence of N 2 . Once the desired temperature is achieved, a feed mixture of pure methane and N 2 gas was fed into the reactor to accomplish the methane decomposition. In a typical test, the volume ratio of the feed gas mixture, i.e., methane/nitrogen was 1.5/1, whereas the total flow rate was 25 ml min -1 with a space velocity of 5000 ml h -1 g cat -1
. The composition of the outlet gas was analyzed online by gas chromatography (Alpha Mos PR2100) equipped with a thermal conductivity detector. After the reaction, N 2 gas was again introduced to replace the reactant gases at the reaction temperature. Then, the reactor was cooled to room temperature and subsequently the cooled catalyst was taken for characterization. The reproducibility of experimental runs was maintained and the reported results present the average of duplicate experimental runs. 
Catalyst characterization
The temperature programmed reduction (TPR) experiments were completed in automatic chemisorption equipment (Micromeritics Auto Chem II 2920). For TPR, 70 mg of the as prepared was placed in a U-shaped quartz tube reactor and subjected to heat treatment (10°C min -1 up to 1000°C) at atmospheric pressure under 10% H 2 /Ar carrier gas stream with a flow rate of 40 ml min -1 . A cold trap was also placed before the detector to separate water produced during the reduction. N 2 adsorption/desorption measurements were completed at -196°C with the use of automated gas sorption analyzer (Micromeritics Tristar II 3020). For each analysis, about 0.3 g of catalyst was first degassed at 250°C under vacuum for 3 h, prior to analysis, to remove the moisture content from the surface and pores of the catalyst. The specific surface area of the catalyst was determined from physisorption isotherm data by apply the BrunauerEmmett-Teller (BET) method.
Phase composition of catalysts was analyzed using X-ray powder diffraction technique. The XRD patterns were recorded on a Rigaku (Miniflex) X-ray diffractometer using Cu Kα radiation source, operated at 40 kV and 40 mA, between 10-85° with a continuous mode. The scanning step size for analysis was 0.05° s -1 . The exact phases present in the catalysts were identified by comparing diffraction patterns with those on the standard powder XRD cards compiled by the Joint Committee on Powder Diffraction Standards (JCPDS).
In order to find the nature of deposited carbon on spent catalysts, TPO experiments were performed. The catalyst sample was first pretreated at 150°C for 30 min, under helium (He) flow (30 ml min -1 ) to remove weakly adsorbed gases. After pretreatment, the sample was cooled down to room temperature and followed by an increase of temperature under O 2 /He (30 ml min -1 ) flow with a temperature ramp of 10°C min -1 to 900°C. Field emission scanning electron microscopy (FESEM) was used in order to study the morphological appearance of the deposited carbon over the spent catalysts. The SEM images for the spent catalyst samples were taken on JSM-7500F (Japan, JEOL Ltd.) scanning electron microscope.
Quantitative of carbon formed on spent samples was estimated by thermo-gravimetric analyses (TGA) using EXSTAR SII TG/DTA 7300 (Thermo-gravimetric/ Differential) analyzer. For each analysis, about 10-20 mg of spent catalyst sample was placed in a platinum pan and heated in air atmosphere from room temperature to 850°C at a heating rate of 20°C min -1 . Transmission electron microscopy (TEM) measurements of spent samples were performed on a JEOL JEM-1400 transmission electron microscope operated at 120 kV accelerating voltage for in-depth analysis of the morphology of the nano-structured deposited carbon. For TEM analysis the samples were first dispersed ultrasonically in ethanol at room temperature. Then, few drops of the resulting suspension were put on a lacey carbon-coated Cu grid to take images.
Results and Discussion

Textural Properties
The specific surface area (S BET ), pore volume (P.V) and average pore size (P.D) of magnesia and titania supported Fe based catalysts series are summarized in Table 1 , 2 respectively. For all the series, the P.V and P.D were estimated from the adsorption branch of the corresponding N 2 isotherm by applying Barrett, Joyner, and Halenda (BJH) method. In addition, the typical N 2 adsorption-desorption isotherms for the selected samples of magnesia supported Fe based fresh catalysts are shown in Fig. 2 . According to the IUPAC classification, for all these catalysts, the observed adsorption-desorption isotherms resembled type IV isotherms ensuring H3 shaped hysteresis loops. Generally, it is the specific characteristic of mesoporous materials to exhibit this type of hysteresis loop [33] .
It is noticeable from the results that, irrespective of the type of support material, the Fe metal loading have a substantial effect on the textural properties of the prepared catalysts. Generally, for all the catalyst series exhibited decrease in surface area with increase in Fe metal loading. For instance, at 15% Fe metal loading, the values of S BET and P.V of MgO supported catalyst were 72.6 m 2 g -1 and 0.37 cm 3 g -1
, while at 40% Fe loading both decreased to 31.3 m 2 g -1 and 0.11 cm 3 g -1 respectively. These results showed that for high Fe loaded catalyst a large number of Fe species penetrated and dispersed inside the pores of support, which resulted in smaller S BET and P.V due to partial blockage or coverage of pores of support material. Similar results were reported by several researchers in the literature [34, 35] . 
Temperature programmed reduction (TPR)
To study the reducibility of the fresh catalysts, temperature programmed reduction (TPR) experiments were performed. H 2 -TPR is a simple and handy technique to assess the nature of metal reducible species present in the catalysts and their effect on catalytic performance in CDM. The H 2 -TPR profiles for the selected samples of magnesia and titania supported Fe based fresh catalysts are presented in Figs. 3a and 3b respectively. It is evident from results that, in general, for all catalysts series two to three well differentiated reduction peaks are observed, indicating that these catalysts have gone through stepwise reduction route. Indeed this is a common feature of Fe based catalyst [36] .
The magnesia supported Fe catalysts (Fig. 3a ) displayed the presence of three reduction segments at loading > 30 wt.% in their respective TPR profiles, signifying a three stepwise reduction process. However, at Fe loading ≤ 30 wt.% total two (one sharp and one broad) reduction peaks are observed. In the case of catalyst with low Fe loading, the observed reduction peaks are related to two step reduction of hematite species to iron (i.e., Fe 2 O 3 → Fe 3 O 4 → α-Fe). On the other hand, for high Fe loaded catalysts, one extra peak along with the first main peak, at temperature around 500°C is indicating that in these catalysts the reduction of magnetite species took place in two-step reduction sequence (i.e., Fe 3 O 4 → FeO → α-Fe). The formation of Wüstite phase (FeO), as an intermediate of hematite reduction in hydrogen has been reported by other researchers in the literature [36] . It is noteworthy that, in the case of titania supported Fe catalyst series (Fig. 3b) , high loaded Fe catalysts have also experienced the two step reduction sequence of magnetite to iron. For this series the high temperature reduction peaks, with maxima centered at around 900°C, are attributed to the formation of titanium-iron solid solution [37] . It is also evident from TPR profiles that, regardless of type of support used, the intensity of reduction peaks increased with increase in Fe metal loading, which signifies that increase in metal loading increased the concentration of total reducible species in the catalyst. 
X-ray diffraction (XRD)
The crystalline structure and phase identification of the fresh Fe-based catalysts were studied by using powder X-ray diffraction technique. For different oxide supports (i.e., MgO, TiO 2 ), the XRD patterns of Fe based catalysts with different Fe loading are presented in Figs. 4a and 4b .
In XRD patterns of magnesia supported Fe catalysts series (Fig. 4a) In the case of titania supported Fe catalysts (Fig. 4b) , the two different phases of titania, i.e., anatase and rutile are evidenced in XRD diffractograms. The phases of the titania presents different activities during the catalytic reaction [38] ; however, anatase phase in this case appeared as a major contributor. Therefore, the following diffraction peaks detected at 2θ = 25.3°, 37 
Catalyst performance and carbon formation measurements
Figs. 5a and 5b show the hydrogen yield versus time on stream (TOS), for magnesia and titania supported Fe catalysts, at 700°C reaction temperature respectively. It can be seen from Fig. 5a , hydrogen yield curves for Fe-Mg catalysts showed that all Fe-Mg catalysts deactivated with time but catalysts with loading as high as 30% and 40% presented increase in hydrogen yield with time. Among these two catalysts having better catalytic performance, Fig. 5b presents the activity curves for Fe-Ti catalysts. It can be seen that all the catalysts exhibited low initial activity as well as deactivation as the reaction continued over 180 min.
Overall, among all the iron catalysts supported over magnesia and titania, 30Fe-Mg catalyst remained the best catalyst, showing better catalytic activity as compared to the rest of the catalysts. Similarly, based on the activity results, it can be concluded that magnesia support produced better results as compared to titania supports.
Wang et al. [39] investigated the influence of iron addition to Ni-SiO 2 catalyst for hydrogen production via catalytic decomposition of methane. It was reported that the iron addition increased the lifetime of the Ni-Fe-SiO 2 catalyst at higher reaction temperature i.e., 923 K while catalyst lifetime decreased at lower reaction temperature of 823 K. Reshetenko et al. [40] employed co-precipitated iron-containing catalysts at moderate temperatures for CDM and showed that 50Fe-Al 2 O 3 , 50Fe-6Co-Al 2 O 3 and 62Fe-8Ni-Al 2 O 3 catalysts, at a reaction temperature of 898 K, presented maximum CH 4 conversions of 6, 10 and 20% respectively. Iron containing catalysts were studied for CDM reaction using vibrating flow reactor and catalytic performance results indicated that the catalyst having 50 wt % Fe supported on 50 wt % Al 2 O 3 showed maximum CH 4 conversion of 4%. Moreover, 50Fe-6Co-Al 2 O 3 catalyst presented maximum CH 4 conversion of 8% [41] . Based on above comparative studies for CDM, it can be concluded that the catalyst investigated in this work is competitive as compared to catalysts reported in the literature.
The catalytic activity can be explained theoretically. There are different steps in the mechanism of methane decomposition reaction. In the first step, methane activation takes place over active metal. After that adsorption and dissociation of methane occurs over the active metal surface. In the next step, carbon forms followed by desorption of hydrogen. Then the diffusion of adsorbed carbon takes place through the bulk and the end of the active metal. After that, carbon growth starts in the form of carbon nanofibers or nanotubes [42] . In addition, structure and morphological nature of carbon, produced during reaction, also dictates the information about reaction mechanism. Active metal particles containing step surface provide the platform for the growth of carbon. Furthermore, metal-metal and metal-support interactions are among important factors that affect the reaction mechanism as well. It has been reported that tip-growth mechanism of carbon formation is favorable in case of weak metal-support interactions (MSI) due to the fact that weak MSI allows metal particles to detach from the support and these particles get lifted up to the tip of growing carbon nanomaterials. Conversely, strong MSI promotes base-growth mechanism for carbon production in which carbon nanomaterials grow having metal particles at their base [43] .
Activation Effect
The influence of catalyst pretreatment was studied using the best catalyst found i.e., 30%Fe/MgO. The catalyst was activated at various temperatures (500, 600, 700 and 800°C). Fig. 6 reveals the hydrogen yield versus time on stream performance of the catalyst subjected to different activation temperatures. Higher activation temperatures (700 and 800°C) exhibited lower catalytic activity that decreased with time while lower activation temperatures (500 and 600°C) showed better catalytic performances that increased with time. The catalyst activated at 500°C performed better in terms of conversion and yield. 
Thermogravimetric Analysis (TGA)
Thermo-gravimetric analysis (TGA) measurement was performed to elucidate the quantitative information of the carbon formation and its thermal stability. All the spent catalysts were directly used for TGA without any purification process. The TGA curves and respective carbon yields (defined as gC/gFe) for magnesia and titania supported Fe spent catalysts are presented in Figs. 7 and 8 respectively. The observed weight loss in the spent catalysts is due to the oxidation/combustion of carbon from samples.
For magnesia supported spent catalysts, the extent of weight loss (Fig. 7a ) and carbon yield (Fig. 7b) increased with the increase in Fe loading up to 30 wt.%, then a decrease in both is observed.
On the other hand in the case of titania supported Fe catalysts series, no significant results in terms of carbon formation (Figs. 8a and 8b) are obtained, since the catalytic activity of these catalysts was much smaller as compared to other series. However, for this series, the 20Fe-Ti catalyst has presented relatively high weight loss and carbon yield amongst all other catalysts.
Since, under similar reaction conditions, the 30Fe-Mg catalysts have showed the better carbon yields. Therefore, these catalysts were chosen to further study the nature of the carbon formed over these catalysts. For this purpose temperature programmed oxidation (TPO) experiments were performed over 30Fe-Mg catalysts and their results are presented in Fig. 9 . It has been reported in the literature that different types of the carbons such as amorphous, carbon nanofibers or nanotubes, could be formed during CDM process. On the basis of their thermal stability, these different types of carbons are gasified at a certain range of temperatures, under the oxidative atmosphere. Generally, amorphous type of carbon is oxidized at temperature < 400°C, whereas the oxidation of ordered nano-structured carbon fibers occurred at temperature > 550°C. It is important to note that in our case, for the 30Fe-Mg spent catalysts, only one broad carbon oxidation peak with maxima centered at temperature around 650°C is observed, which is suggesting that the ordered nano-structured carbon nanofibers are formed on these catalysts. 
X-ray diffraction (XRD) of Spent Catalysts
The crystalline structure and different phases of the spent, magnesia and titania supported Fe-based, catalysts are shown in Fig. 10a and 10b. For both magnesia and titania based catalysts, the peak at 2θ = 26.2° can be assigned to graphitic carbon (002). For magnesia supported catalysts series, the following diffraction peaks detected at 2θ = 36.9°, 42.9°, 62.3° and 78.6° are principally related to the cubic phase of MgO support (JCPDS: 00-004-0829).
In the case of titania supported Fe catalysts (Fig. 10b) , the following diffraction peaks detected at 2θ = 37.8°, 48.1°, 53.8°, 55.1° and 62.7° are mainly associated to the anatase phase (JCPDS: 00-021-1272), while the peaks observed at 2θ = 27.4°, 36.1°, 41.2° and 54.3° (JCPDS: 00-021-1276) are ascribed to rutile phase (JCPDS: 00-021-1276). However, the following diffraction peaks identified at 2θ = 41.2, 54.3° and 63.2° can be attributed to Fe 2 Ti 3 O 9 spinel phase (JCPDS: 00-019-0635).
Morphology of deposited carbon
For 30Fe-Mg spent catalysts, the in-depth study of morphology of deposited carbon after CDM reaction was carried out by FESEM and TEM analysis. Fig. 11 displays the FESEM micrographs of 30Fe-Mg spent catalysts at different magnification scales respectively. It is apparent from results that these catalysts ensured the formation of carbon nanofibers, with the typical outer diameter of 30-70 nm. Due to the interweaving of carbon nanofilaments, it remains very tough to estimate the exact length of these nanofibers from FESEM images. Nevertheless, their length varies up to micrometer range.
TEM micrographs of the spent 30Fe-Mg catalysts after decomposition reaction, to study the morphology of carbon formed are shown in Fig. 12 . It can be seen from TEM results that nanofilaments having non-uniform diameters, different sizes and structures mainly carbon nanotubes are observed over spent catalyst surface. It is interesting to note that carbon nanofilaments carry active metal particles at their tips and these filaments grow in size similar to active metal size. Carbon diffusion through active metal in the longitudinal direction generates graphene parallel planes, which are responsible for the production of different carbon nanofilaments.
Conclusions
Catalytic decomposition of methane was studied for the production of CO x -free hydrogen and nano-structured carbon over iron-based catalysts supported on magnesia and titania. The catalysts with different loadings of Fe were prepared and tested in a microactivity fixed bed reactor. The activity results revealed that Fe based catalysts supported on magnesia presented better performance as compared to titania supported catalysts. Among the Fe-Mg catalyst series, 30Fe-Mg remained the best catalyst among the series. Hydrogen reduction temperature of 500°C was found pertinent for catalyst activation. A maximum hydrogen yield of 46.7% and carbon yield as high as 5.5 gC/gFe were obtained over 30Fe-Mg catalyst. Morphological analysis of spent 30Fe-Mg catalysts revealed the formation of carbon nanofibers. It was found from FESEM and TEM results that non-uniform carbon nanofibers with broader diameter were formed over 30Fe-Mg catalyst.
